Results are presented of time-resolved-photoluminescence studies of both films and solutions of a cyanosubstituted derivative of poly(p-phenylenevinylene͒ with high electron affinity. For the polymer film a luminescence transient is observed at high energy ͑2.35 eV͒ which has a lifetime of 6Ϯ1 ps and is not seen in continuous-wave ͑cw͒ measurements. A long-lived (Ͼ2 ns͒ low-energy transition which corresponds to the peak seen in cw measurements is also seen. These results differ greatly from those obtained from a solution of the polymer where only a single luminescence peak is observed. It is shown that the high-energy transition can be explained either by the radiative decay of an interchain excitation or, after comparison with results obtained on a model oligomer of the polymer, by the radiative decay of an intrachain exciton on short-conjugated chain segments. The low-energy transition is attributed to the decay of an interchain excitation.
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Poly(p-phenylenevinylene͒ ͑PPV͒ and its derivatives have attracted considerable interest in recent years as a result of their interesting semiconducting properties and their potential application in electroluminescent devices. 1 Electroluminescence is achieved in PPV via the injection of electrons and holes at the contacts. Charge transport through the device then occurs followed by carrier capture to form singlet polaron excitons. These subsequently decay through radiative and nonradiative recombination processes. Substantial improvements in the electron injection efficiency can be achieved using a metal with a low work function as the electrode. 2 Unfortunately, metals of low work function are often unstable in air and this presents problems when trying to achieve device stability. Recently, members of a new family of cyano-substituted PPV derivatives have been synthesized 3 such as CN-PPV, whose structure is given in the left inset of Fig. 1 . The increased electron affinity of these derivatives compared to PPV means that high electroluminescence efficiencies can be achieved using stable electrodes such as aluminum. CN-PPV also has the advantage of being soluble and hence easily processible, and shows a high photoluminescence ͑PL͒ quantum efficiency of 0.35-0.46. 4 Time-resolved spectroscopy has given important information about the photophysics of PPV and poly͑2-methoxy,5-͑2'ethyl-hexyloxy͒-p-phenylenevinylene͒ ͑MEH-PPV͒. [5] [6] [7] [8] [9] [10] [11] [12] Experiments suggest that the polymer chains consist of a distribution of effective conjugation lengths. [5] [6] [7] [8] [9] [10] Excitons formed on short-conjugated segments tend to migrate to lower-energy regions prior to recombination. The sharp features seen in the emission spectrum in comparison to the broad absorption spectrum support this model. Further evidence comes from time-resolved PL studies [6] [7] [8] [9] [10] where a redshift of the PL with time is observed and also from siteselective fluorescence spectroscopy experiments performed by Rauscher et al. 5 Interchain migration of excitons plays an important role in this energy relaxation process. 10 The excitons decay by a combination of radiative and nonradiative processes and the relative rate of these determines the PL efficiency, ⌽ϭb/ r , where is the measured PL decay time, r is the natural radiative decay time of the emitting species, and b is the fraction of absorbed photons that create singlet excitons either directly or indirectly. Recent results for PPV suggest that nearly all the absorbed photons generate singlet excitons, 4 and hence b is close to 1. In this paper we present ultrafast time-resolved PL measurements, using the upconversion technique, 9 of a CN-PPV film and of CN-PPV in solution in toluene. We have also performed experiments on a film of a model oligomer of CN-PPV whose structure is given in the left inset of Fig. 4 . Films of CN-PPV and of the oligomer were prepared by spin-coating from chloroform solution onto a Spectrosil disk. The films were placed in a vacuum of 10 Ϫ5 mbar and excited close to normal incidence by 200-fs pulses at an energy of 3.06 eV. The time-averaged power was 1 mW and the spot size on the sample was 120 m. The overall temporal resolution was about 250 fs and the spectral resolution was 18 meV. The solution of CN-PPV was excited from the side and the luminescence detected at 90°to the excitation direction to avoid severe degradation to the temporal resolution caused by the large absorption depth in solution. Figure 1 shows the room-temperature PL spectrum of a CN-PPV film at various times after photoexcitation. The continuous wave ͑cw͒ absorption and emission spectra are displayed in the right inset. The most striking feature of the data is the high-energy PL observed at short times after excitation in the time-resolved spectra that is not seen in the cw spectrum. The high-energy feature is centered at about 2.35 eV and is observed during the first few picoseconds after photoexcitation. At 1 ps after photoexcitation the energy difference between the high-energy peak and the absorption peak is 0.2 eV. The spectra at 1 and 10 ps show that this high-energy feature decays rapidly. As can be seen from the spectra measured at 100 and 500 ps, at longer times after photoexcitation the high-energy PL disappears and only a low-energy transition centered near 1.8 eV remains. This transition corresponds to that observed in the cw luminescence spectrum.
In Fig. 2 the short-time temporal evolution of the PL monitored at several different luminescence energies is plotted. The decay at an energy of 2.3 eV, which is near the peak of the high-energy transition, can be fitted approximately to an exponential with a decay time of 6Ϯ1 ps. The decay is faster at higher energy and slower at lower energy. The inset of Fig. 2 shows the temporal evolution of the PL at 1.9 eV on a much longer time scale. The decay dynamics of the luminescence at this energy are clearly very complicated with both a short-lived and long-lived component. A fit to a sum of three exponential functions gives a time constant of 3Ϯ2 ps for the initial rapid decay and a time constant of Ͼ2 ns for the longest-lived component. Our results are consistent with measurements of the longer time behavior, using time-correlated single photon counting, made by Samuel et al. 13 It may appear that our spectra are incompatible with the cw luminescence measurements. However, the time integrated intensity of the high-energy feature is much smaller than that of the low-energy feature so the latter dominates in the time-integrated PL spectrum.
The time-resolved PL spectra of a solution of CN-PPV are presented in Fig. 3 . At 0 ps the PL shows similar spectral features to those observed in cw measurements although the peak of the PL is at slightly higher energy. The emission peak at 0 ps is redshifted from the absorption peak by about 0.5 eV. We measured the temporal evolution of the PL at an energy of 2.2 eV corresponding to the cw luminescence peak. The decay could be modeled adequately by a single exponential with a time constant of 670Ϯ100 ps. In Fig. 4 the time-resolved PL spectra of a model oligomer of CN-PPV are plotted. The right inset shows the normalized PL spectra. The energy difference between the luminescence and absorption peaks is 0.6 eV. The PL at 2.4 eV decays approximately monoexponentially with a time constant of 550Ϯ60 ps.
We will first discuss the measurements of the CN-PPV solution and the oligomer as these are relevant to our understanding of the transient high-energy PL seen in CN-PPV films. The PL efficiency of the CN-PPV solution is 0.52Ϯ0.05. 4 This value coupled with the measured PL de-
PL from a CN-PPV film at short times monitored at several luminescence energies. Inset: Evolution of the PL at longer times monitored at 1.9 eV. cay time of 670Ϯ100 ps imply a natural radiative lifetime of about 1.3Ϯ0.2 ns. For the oligomer the PL efficiency of about 14 0.6 and measured PL decay time suggest a value of 0.9Ϯ0.2 ns for the natural radiative lifetime of the emitting species. The similarity between the time-resolved and cw PL spectra described earlier for CN-PPV in solution and for the oligomer have been observed in films of 8, 9 PPV and 9 MEH-PPV. In addition to this the PL efficiency and decay time in PPV of 0.27Ϯ0.02 and 320Ϯ30 ps, respectively, 9 and the PL efficiency of 0.35Ϯ0.05 and decay time of 330Ϯ30 ps for MEH-PPV in solution 7 imply a natural radiative lifetime of about a nanosecond in both these polymers. This value is comparable to that obtained both for the CN-PPV solution and the oligomer. The PL in PPV films and MEH-PPV solutions is due to the radiative decay of singlet excitons and hence we believe that the PL in the CN-PPV solution and in the oligomer is also due to the radiative decay of excitons. The redshift with time is smaller in the CN-PPV solution compared to the PPV and MEH-PPV films. We consider that this is caused by reduced exciton migration because the chains are separated in solution. The results for the oligomer differ from most femtosecond luminescence measurements in that there is no redshift with time. We consider that this is because in the oligomer all the molecules are of the same size and the exciton is delocalized over the entire molecule and hence, unlike the polymer, the effective conjugation length does not vary from one region to another. Therefore exciton migration from high to low-energy sites is not believed to occur.
We will now discuss two possible explanations for the origin of the high-energy PL that is observed in CN-PPV films during the first few picoseconds after photoexcitation but does not appear in the cw luminescence spectrum. The first explanation is that interchain excitations, such as physical dimers or excimers, can form in CN-PPV films. The formation of interchain excitations depends upon the strength of the interchain interactions between neighboring polymer chains. We suggest that these interactions are enhanced by the particular side chains present in CN-PPV compared to PPV. The existence of interchain excitations in CN-PPV films has recently been proposed by Samuel et al. 13 on the basis of time-resolved PL measurements of the low-energy transition with a time resolution of 50 ps. Interchain excitations such as physical dimers and excimers are widely reported in organic molecules and their formation leads to a splitting of the exciton level into a higher-and a lower-lying level.
15 If the dipoles are parallel then a transition from one of these levels to the ground state is forbidden. For the situation where the dipoles are not parallel but instead are randomly oriented on average the higher-lying level will have the higher oscillator strength. 16 Our results suggest that the high-energy PL could be caused by radiative decay from the higher-energy level of an interchain excitation. The intensity of the high-energy peak at early times after photoexcitation shows that it is more strongly coupled to the ground state than the low-energy transition. The energy difference between the emission peak at 1 ps after photoexcitation, resulting from the decay of excitons to the ground vibrational level, and the peak of the absorption is about 0.5 eV in PPV and 0.3 eV in MEH-PPV. 9 These values are greater than the difference in energy between the high-energy feature, measured at the same time after photoexcitation ͑1 ps͒, and the absorption peak that we observe in CN-PPV films. This could be caused by the higher-energy level of the interchain excitation being above that of the exciton level.
We can estimate the energy at which we might expect the exciton level to lie in the solid state from the solution spectra as a general feature observed in MEH-PPV and other conjugated polymers is that the absorption and emission peaks shift to lower energy going from solution to the solid state. 17 Therefore an intrachain exciton in a CN-PPV film, localized on a chain segment of similar length to that in solution, should decay at a energy lower than 2.2 eV, which is considerably lower than the position of the high-energy peak. The splitting of the high-and low-energy excitation levels is determined by 2͉␤͉, where ␤ is a resonance interaction energy between the two states forming the interchain excitation, and the position of the midpoint between the two levels relative to the exciton level depends upon WЈ, the Coulombic interaction energy between one chain segment in its excited state and the other in its ground state.
Here, i and i * are the ground and excited state wave functions of an excitation on segment i(ϭ1,2), and V 12 represents the intermolecular interaction energy. Neglecting possible effects caused by self-absorption we obtain a value for 2͉␤͉ of 0.55 eV from our measurements.
The formation of interchain excitations has recently been reported in other conjugated polymers. [18] [19] [20] [21] The characteristic features of these interchain excitations is that a PL feature appears that is shifted to lower energy than would be expected from isolated polymer chains, indicating that increased structural relaxation is occurring in the polymer and that the emission spectrum is very broad and featureless. These features are seen in the cw luminescence spectrum of CN-PPV films and in the time-resolved spectra at 100 and 500 ps when only the long-lived low-energy transition remains. The observed spectral features coupled with the unusually long natural radiative lifetime of 16Ϯ2 ns inferred from time-resolved PL and PL efficiency measurements 13 and the measured differences between the solution and the film suggest that the low-energy PL is the result of radiative decay from the lower-energy level of an interchain excitation. It is important to note that excimers and dimers are usually associated with small molecules. Due to the extensive electron delocalization in CN-PPV the nature of the interchain excitations in this material may be different from those present in molecular systems.
The ultrafast rise in the PL as seen from the spectra at 0 ps implies either that the interchain excitations are formed directly after photoexcitation on preexisting sites in the case of a dimer or that structural relaxation occurs very rapidly to form an excimer. An implication of the high PL efficiency of 0.35-0.46 of CN-PPV measured by Greenham et al. 4 is that the rapid decay of the high-energy PL cannot be caused by a fast migration to nonradiative quenching sites. Instead we suggest that the excitations relax by phonon emission from the higher-energy state to the lower-energy state of the interchain excitation and the 6 ps lifetime is a measure of the rate of this process. An increase in the low-energy PL signal might be expected to occur mirroring the decay of the highenergy transient. However, as the high-energy peak is very broad spectrally the PL at 1.9 eV is a superposition of the two transitions and is characterized by an initial sharp decrease due to the decay of the high-energy transition followed by a long-lived component due to the low-energy transition.
The second possible explanation of the high-energy transition is that it is caused by the radiative decay of intrachain excitons instead of interchain excitations. The position of the high-energy peak suggests that it could be caused by excitons residing on chain segments with a conjugation length similar to the length of the oligomer, i.e., short chain segments. CN-PPV is less conjugated than PPV and a portion of the material consists of very short chain segments. 22 The width of the high-energy PL feature would then reflect the range of conjugation lengths present in different short-chain segments of the polymer. In this model we again attribute the low-energy transition to the radiative decay of an interchain excitation. 13 The decay of the high-energy PL then represents the formation time of an interchain excitation and/or the rapid exciton migration from the sites upon which they are created to sites where interchain excitations can form. Time-resolved PL studies of 8, 9 PPV and studies of electron transfer from MEH-PPV to C 60 ͑Ref. 23͒ have shown that this migration can occur in a few picoseconds. Although no redshift of the high-energy PL can be seen in the spectra these results are somewhat complicated as the PL is due to two broad transitions. The faster decays observed at energies above the high-energy PL peak, i.e., at 2.5 and 2.7 eV in Fig.  2 , indicate that exciton migration from high-to low-energy sites is occurring.
The stability of these materials under laser irradiation is an important experimental consideration. It was found that if the CN-PPV films were irradiated, at the same intensity at which the experiment was performed, for one hour prior to performing the experiment the time-resolved spectra changed. The low-energy transition decreased in intensity while the high-energy feature remained of an similar intensity but blueshifted by up to 0.1 eV. This indicates that prolonged irradiation is causing structural changes/photooxidation to occur in CN-PPV films. The decrease in the low-energy PL suggests that sites upon which interchain excitations can form are being reduced. However if the highenergy PL is also caused by an interchain excitation then this peak would also be expected to decrease. The blueshift of the PL may be due to a reduction in the effective conjugation length of the polymer caused by laser-induced damage.
In conclusion, we have performed ultrafast time-resolved PL measurements on CN-PPV, a high electron affinity conjugated polymer, with a high PL quantum efficiency. A highenergy transient signal is seen in films of CN-PPV that is not observed in solutions of CN-PPV or in films of PPV and MEH-PPV. We propose two possible explanations for the transition that are consistent with our results. The transition may be due to an interchain excitation relaxing from the higher-energy state of the split exciton level to the ground state. Alternatively it may be due to the radiative decay of singlet intrachain excitons on short-conjugated chain segments. The low-energy PL has a very long decay time which we believe to be due to emission from interchain excitations. Our results suggest that the control of interchain interactions is important for the design of highly efficient electroluminescent devices.
